Abstract With regard to extreme events, it is well documented that an intensity of about 1 mm/min already represents an extreme intensity. Under alpine conditions, a precipitation event with an intensity of 3 mm/min has occurred. Therefore, the rain gauges in this region have to be able to measure in this and even in higher intensity ranges. This study deals with basic automated tippingbucket rain (TBR) gauge and Bulk precipitation samplers, which are able to hold more than 95 % of the cumulative rainfall, that are verified within the space of the week without losses during the extreme events and with minimal evaporation loss. Bulk samplers collected more rainfall than TBR gauges in 110 of 221 extreme events analysed over the past 10 years. In 17 extreme events, an underestimation greater than 10 % was evaluated. The objective was to single out the counting errors associated with TBR gauge, during extreme events, so as to help the understanding of the measured differences between instruments in the field. We want to determine whether the automated precipitation gauge can provide a reliable and precise measurement of precipitation with particular interest regarding heavy and extreme events.
Introduction
The attention paid to accuracy and reliability in rainfall measurements is currently increasing, following the increased popularity of scientific and practical issues related to the assessment of possible extreme events trends and the mitigation of natural disasters such as storms and floods .
Errors in measurements from traditional and recently developed rain gauges are reported by various authors (Habib et al. 2001; Calder and Kidd 1978; Marsalek 1981; Maksimović et al. 1991; La Barbera et al. 2002; Molini et al. 2002; Siek et al. 2007) , together with suitable proposed methods for either a posterior correction of the measured figures (Molini et al. 2005b) or calibration of the gauges (Humphrey et al. 1997; Lombardo and Stagi 2004) .
Tipping-bucket rain gauges are the most popular recording rain gauges used by many weather and hydrological agencies. They are known for providing high accurate measurements of low to intermediate intensity rainfalls. This type of gauge produces rainfall data in digital form, which can be readily processed by computers. However, tipping-bucket rain gauges are known to underestimate the rainfall at higher intensities because of the loss of rainwater during the movement of the bucket. Then, at high rain rates, this kind of instrument may suffer from underestimation problems due to the fact that it cannot keep up with heavy rain during a severe extreme event (Vasvári 2005) . Allis et al. (1963) compared several rain gauges and concluded that although differences were sometimes statistically significant, they were frequently so small in absolute magnitude that they were a little practical concern. La Barbera et al. (2002) , Molini et al. (2001) and Habib et al. (2008) investigated the propagation of measurement errors in the most common statistics of rainfall extremes and found that mechanical errors of tippingbucket rain gauges may lead to biases in the assessment of the return period T of short duration and high intensity events quantified as 100 % for T = 100 years. The problems associated with adjusting the dynamics of these instruments (Russo et al. 1997 ) have been documented extensively. Molini et al. (2005a) presented a methodology to minimize measuring errors particularly for heavy rainstorm events. Over the last 50 years, the World Meteorological Organization has launched many large-scale international programs to develop adjustments to regular precipitation measurements. Since 2006, this organization has studied rain gauges and worked on checking their good functioning (WMO report no. 84 2006 (WMO report no. 84 , report no. 99 2009 . A 2010 work session in Helsinki (WMO-no. 1064 2010) discussed the necessity for evaluating the methods and instruments used for measurements in the meteorological field, focusing on the need to obtain correct, homogeneous data, both for the statistical use of extreme events or of long time series based on correct data. As such, from 1 October 2007 to 26 June 2009, the Department for Meteorological Experimentation of the Air Force (ReSMA) of Vigna di Valle (Roma), in collaboration with Genoa University, conducted assessment of rainfall measuring instruments.
The main objective of this intercomparison in the field was to assess and compare quantification and catching errors of two different instruments of precipitation measurement Lanza and Vuerich 2009) , with special consideration given to high rainfall intensities. Further objectives were to offer advice on improvements of instruments and precipitation measurements.
Precipitation measurement instruments
Rain gauges are classified into recording and non-recording types. The latter include cylindrical and ordinary rain gauges, and measurement of precipitation with these types is performed manually by the observer (case of Bulk precipitation collector). Some recording types such as tippingbucket rain gauges have a data logger attached to them, and remote readings can be taken by setting an automatic recorder at a site distant from the gauge itself to enable automatic observation. This study focuses on basic automated tipping-bucket rain gauge CAE-PMB2 and Bulk precipitation collector.
CAE-PMB2 rain gauge
This type of rain gauge generates an electric signal for each unit of precipitation collected. The PMB2 is a tippingbucket rain gauge with a resolution of 0.2 mm and collector area of 1,000 cm 2 ±0.5 %. The automated precipitation gauge CAE-PMB2 proved to be a reliable and precise device of automated measurements of liquid precipitation. The CAE sensor is conforming to standard WMO.
Technical data of rain gauge PMB2
• Resolution: 0.2 mm of rain.
• Tipping-bucket with knife support.
• Rain collection vessel surface: 1,000 cm 2 .
• Reed magnetic contact.
• Measurement range: 0-300 mm/h.
• Working temperature: 0-60°C.
• Size: 358 9 584 cm.
• Weight: 7 kg.
As we mentioned above, this instrument provides a continuous and instantaneous rainfall records with resolution of 0.2 mm per tip. Each tip sends a signal to a recording device. Data stored by logger are transferred directly to a base station. After that, these data have been grouped into different time lags. The total amounts of rain are thus obtained by aggregating the 0.2-mm pulses in the requested time interval (5, 10, 15 etc. minutes). In fact, we counted the number of continuous tips that occurred during each allotted time interval, recording the maximum values found for each storm.
In practice, we have collected instantaneous precipitation and a minimum time interval of 5 min is generally recommended to study extreme storm events. The TBR gauge is equipped with an onboard data logger that records the time of each tip to the nearest second. This instrument could handle the rain intensity of 300 mm/h. Therefore, in practice, it should not have problems to measure precipitation in case of less then 5 s between tips.
Bulk precipitation collector
The Bulk collector consists of a funnel (plastic in our case) connected to a sampling bottle, which may be changed daily, weekly or even monthly. The main body of the collector (which contains the 2 l bottle) is constructed from 195-to 145-mm-diameter pipe depending on the rainfall of the area (Fig. 1 ). This system is simple and does not require electrical power. It was designed to collect samples of precipitation falling as rain for chemical analysis in our institute, but in addition, it may be used as a reasonably accurate rain gauge like in our study.
These instruments can be used as reference gauges for liquid precipitation measurement given the absence of windinduced error (ground-level gauge); they generally show more precipitation than any elevated gauge (WMO 2008) .
Bulk collector has been used in our study area since 1975 (Mosello et al. 1988) . Rogora et al. (2006) made a comparison between Bulk and another non-recording instrument called ''Wet-only sampler''. Precipitation amount was always lower in wet-only than in Bulk collector. Some studies have compared several Bulk collectors. Galloway and Likens (1976, 1977) have made a calibration of this instrument used for the determination of precipitation chemistry in the climatological station of Cornell University-New York. These collectors were sampled and replaced every storm and also after three storms. They proved that number of factors associated with period sampling can cause variations like, for example, evaporation, and they demonstrate that these kinds of instruments have lower sampling efficiencies in the winter. It's anticipated that the research presented in this paper will be built upon to examine the further possibilities of comparing multiple recording and non-recording rain gauges like Bulk collectors to quantity their variation and to check their good functioning.
Context and case study description
To check whether our automatic equipment (tipping-bucket rain gauges) was working effectively during specific extreme events, we confined our study to the Lake Maggiore region. Rainfall data from four (4) different stations were analysed over the course of approximately 20 years (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) .
Approximately 99 meteorological stations were distributed fairly homogeneously inside the Lake Maggiore area (Ciampittiello 2009 ); these were and still are used to evaluate both the annual and seasonal evolution of the pluriannual rainfall trends. Some stations (Fig. 2) were selected to be checked for the correct functioning of the tipping-bucket rain gauges. The stations selected are shown with a triangle in Fig. 2 . Their characteristics and the data used are given in Table 1 .
The selected stations are located in areas which differ both in altitude and geographical characteristics. Two are located at low altitudes (Pallanza and Domodossola) and two at a medium altitude (Monte Mesma and Lunecco) (Fig. 3 ) compared with the area in which they are located ( Table 1 ). The Domodossola station is characterized by a more continental climate (Ciampittiello 1999) , while the Lunecco station is located in an enclosed, narrow valley (the Cannobino Valley).
These stations were selected not only for their ability to continuously provide data, but also for their range of geographical and altitudinal characteristics.
However, they were selected primarily because they are close to a tipping-bucket rain gauge of the type CAE-PMB2 and to a Bulk rain gauge. As it can be seen in Fig. 3 , they are near, less than 2 m.
Thus, we were able to obtain the total effective quantity of precipitation during the events studied. The height of the containers meant that more than 95 % of the rainfall events occurring in a week can be retained, with no loss during the event and with a minimal loss through evaporation (CESI 2004) . Tipping-bucket gauge measured and recorded 0.2 mm of rain each, whereas the Bulk was emptied weekly at all the stations, except for Pallanza, where they were emptied at the end of each rainfall event. The major events investigated, with selected duration between 5 min and 5 days, are converted to weekly values to make them comparable with the rainfall collected by the Bulk collector.
With reference to WMO (2009), it's important to examine possible wind-induced effect (or losses) only on identical instruments to avoid the effect due to the different measurement principles. Also, we emphasize that wind effects have a minor influence on the results primarily due to the low wind speeds observed during rainfall events in the region of Lake Maggiore (study area). Few events happened with moderate or strong wind. The number and the frequency of these events do not permit a complete evaluation of wind-induced errors. 
Data retrieval
The continuously recorded tipping-bucket gauge data were analysed using a programme devised for the calculation of all intense events (every 5, 10, 15, 20, 30, 45, 60, 120, 180, 360, 720, 1,440 min) starting from binary data, and aggregations for 1, 2, 3, 4, 5 days. The rainfall data were downloaded in binary format and processed from the modules of the CAE stations of Pallanza, Monte Mesma, Domodossola Rosmini and Lunecco. Binary data resulting from the memory module were transformed into text format, then transferred automatically to an Excel archive at a daily, hourly and sub-hourly rate; a further, specially devised procedure was used for calculating and analyzing short, intense periods of rainfall. This procedure allowed for data to be processed directly from all four station modules, as well as calculated the values of short, intense rainfall events for varying periods.
Using this system, we produced tables at intervals of 5, 10, 15, 30 and 45 min, 1, 2, 3, 6, 12 and 24 h, 1, 2, 3, 4 and 5 days for the stations of Pallanza, Monte Mesma, Domodossola and Lunecco for the period 1991-2010. From the different events considered, we checked the data and their effective duration: for example, a 5-min event may be continued for longer, until we arrived at the reduction and the identification of the events in a single week, for each station and for the years analysed, so that we could compare these continuously measured data with those collected weekly in Bulk rain gauges.
Methodology: Rainfall statistics
A statistical analysis has been applied to paired variables (Tokay et al. 2008 (Tokay et al. , 2010 represented by extreme rain events registered by CAE-PMB2 rain gauge and Bulk precipitation collector. The statistical analysis takes into account the Pearson correlation coefficient q, which is the ratio of the sample covariance of the two variables (x and y) to the product of the two standard deviations. It is expressed as q ¼ Covðx; yÞ
The Pearson correlation coefficient is neither robust nor resistant (Wilks 1995) . It is not robust because a strong but nonlinear relationship between the two extreme events may not be recognized. It is not considered resistant because it is relatively sensitive to a single or few outlying point pairs. Since a high correlation coefficient alone does not guarantee a good agreement between the paired variables, a low bias should be satisfactory in this situation. Bias is indicative of the position of paired variables with respect to the diagonal (one to one) line (Tokay et al. 2008) , and if one of the variables is taken as a reference, the bias indicates the underestimation or overestimation of the other variable like in our case of study. If the points were scattered at both sides of the one-to-one line, then the bias would be small, but this does not guarantee good agreement in the absence of a high correlation coefficient. In this study, the bias b between the two variables is defined as:
where n is the number of paired variables (number of events). The standard deviation of the difference (SD) between the two paired of precipitation value provides a measure of the agreement between the two in terms of their distribution. Low standard deviation is one of the indications for the agreement between the considered paired of variables. The SD is expressed as:
We consider one of the instruments as a reference (Bulk collector); then, we can calculate the measurement error of the second instrument (CAE-PMB2 rain gauge). We employed absolute bias to quantify the measurement error of the CAE-PMB2 instruments. The bias in Eq. (2) equally weights all the paired variables. Extreme rainfall events with higher accumulation are of large significance, as they can result in flooding (Tokay et al. 2008) . The weighted absolute bias b w j j is then calculated as:
where w k is the weighting function and is calculated based on the reference instrument
Unlike the correlation coefficient, the statistics used in this package are not normalized and carry the units of the variables (mm of precipitation in our case). Although the magnitude of the mean absolute difference between the two variables is significant in rainfall, the percent absolute bias, a normalized quantity, is widely used in rainfall statistics. If variable x is considered to be a reference, the percent absolute bias b percent becomes: 
The criterions to judge the degree of agreements between the CAE-PMB2 rain gauge and Bulk collector are: Results and discussion
Dispersion and relative deviation
Based on the available literature, it seems that an extreme event can be selected based on frequency, intensity, threshold exceedance or physical expected impacts. The selection of extreme events in our study has been done using a procedure called peaks-over-threshold (POT) (Smith 1987) . In the present study, the independency criterion is based on a procedure for extracting POT values for rainfall, which is similar to that of extracting POT values for flows (Ntegeka and Willems 2008) . The independency criterion for rainfall events states that two consecutive events are independent if the occurrence of one event does not affect the occurrence of the other event. Ntegeka and Willems (2008) proposed for extreme value analysis based on rainfall series a minimum of 12 h interevent time, considering two events happening within the same day or night as one event.
In this case, extremes are extracted from a series by choosing events that exceed a rainfall amount threshold. Tipping-bucket rain gauges identified 63 extreme events at the Pallanza station, 49 events at the Monte Mesma station, 55 events at the Domodossola station and 54 events at the Lunecco station. We then compared the data measured by the different rain gauges available, for each event and for each station, for a total of 221 events.
This comparison revealed that of the total of 221 events, there were 110 (50 %) in which the Bulk collectors recorded a greater quantity of rain than was recorded by the tipping-bucket gauges; this occurred specifically in 24 events at Domodossola and Lunecco, 28 at Pallanza and 34 at Monte Mesma. It is hypothesized that the Monte Mesma station received a higher frequency of extreme events than the other stations analysed. Figure 4 shows all the events at all stations during which the Bulk collectors recorded greater quantities of rain than the tipping-bucket gauges; this trend was more marked after 2002.
The graph shows that most events analysed had between 0 and 10 % deviation (81 global events, or 76 %); 11 events showed a deviation between 10 and 15 %, with four events at the Lunecco station alone; 3 events had a deviation between 15 and 20 %, of which 2 were at the Lunecco station, and 3 events recorded at Pallanza, Monte Mesma and Domodossola had a deviation between 25 and 30 % although these were recorded in different years.
As for the intensity of the events recorded, this datum can be obtained only from the tipping-bucket gauges and is therefore subject to underestimation (Tropeano and Turconi 2004; Turconi et al. 2008) . Thus, it must be explored further. In summary, according to the events analysed up to now, the greatest deviation between the two different rainfall measurements occurred mainly at Domodossola, followed by Monte Mesma and Lunecco. The Pallanza station had a higher number of deviations but with percent values lower than those at the other stations. The data can be analysed on monthly and annual basis.
Monthly deviations
The relative deviation of tipping-bucket rain gauges was negative across all stations, which implies that this instrument underestimated precipitation (Fig. 5) . Relative deviations of Monte Mesma, Domodossola and Lunecco show the highest underestimation of measured precipitation, even up to 20 %. Pallanza rain gauge deviations are uniform and below 10 % with only one exception in July (the lowest monthly amount of extreme events in Pallanza).
Annual deviations
Figure 6 presents annual relative deviation. As with the monthly data, annual data also show negative deviation, further supporting the fact that tipping-bucket rain gauge underestimates precipitation. Again Domodossola, Monte Mesma and Lunecco show the highest relative deviations.
Dispersion of relative deviation
The analysis of the range of the relative deviations is shown in Fig. 7 . Ends of the bar represent mean values ±1 standard deviation. Generally, higher dispersion of the relative deviations is seen in July and August: This is likely due to lower amounts of precipitation in these months.
Rainfall statistics package
The results of rainfall statistics package are presented in Figs. 8, 9, 10 and 11 for the four stations of this study. Considering the event-by-event comparisons for the station of Pallanza, the two different gauges, CAE-PMB2 and Bulk, had excellent agreement with high correlation (Fig. 8) and had a low absolute percent bias of 4.5 %.
Despite the underestimation of extreme rainfall events registered by the CAE-PMB2 gauges of Monte Mesma, Domodossola and Lunecco stations (Figs. 5, 6 ), the gauges were still highly correlated (Figs. 9, 10, 11) .
Statistically speaking, the stations of Pallanza, Monte Mesma, Domodossola and Lunecco proved a good agreement between the extreme precipitation values collected by the two different instruments. This should not obscure the fact that difference in measured catches was apparent and in some cases with very high magnitude. The bias induced by systematic mechanical errors of tipping-bucket gauge (CAE-PMB2) is usually neglected in the hydrological practice, based on the assumption that it has little influence on the total recorded rainfall depth. Since the error increases in the case of extreme events, the assumption is 
Conclusions
In this study, it was generally found that CAE-PMB2 rain gauge underestimated precipitation. Due to relative deviation comparison, it could be said that rain gauges deployed in Domodossola and Monte Mesma showed the highest underestimation of measured precipitation. The registrations of these two stations showed the least regularity. Regarding the station of Pallanza, monthly deviations between the two instruments are uniform and generally below 10 %. It may be because the Bulk precipitation collector in this case is emptied at the end of each rainfall event.
The high number of intense events-110-which were underestimated (on average by about 7 %) by the tippingbucket rain gauges, makes it necessary to perform further research into the methods of measuring rainfall data, especially for extreme events. The importance of measuring extreme events using different methods at the same time and in different areas derives from the requirement to be able to provide correct, accurate measurements on which to base models, predictions of phenomena and critical thresholds. Further comparison and investigations will be done.
This paper is intended to emphasize the intention of the scientific community to apply the results of studies in a specialized, concrete examination of the data, which can provide a reliable reconstruction of precipitation; it is also designed to highlight a critical evaluation of methods used to measure extreme data.
It is only through evaluations of this kind of data, and by a serious exploration of the situation, that we can further model specific phenomena, which are closely connected with meteopluviometrical events.
Despite the underestimation of extreme events by the CAE-PMB2 gauge, a strong relationship between the two gauges in this study raised the authors' confidence to consider that other investigations and intercomparison of more than two different instruments are necessary and should be done in the future.
It's concluded that while the measured values of precipitation during extreme event from the CAE-PMB2 tipping-bucket gauge in the watershed of Lake Maggiore are satisfactory, the recorded values may not be reliable.
